A B S T R A C T This report describes a "desmosterol suppression" technique with which it has been possible to demonstrate the operation of the cholesterol negative feedback system in the intact animal. 0.1% triparanol in the diet causes a virtually complete block in the conversion of desmosterol to cholesterol by liver and intestine. Since desmosterol is not consumed in the diet, the level of plasma desmosterol can be employed as an index of endogenous sterol production and release into the bloodstream. With this technique it was shown that the feeding of cholesterol for 8 days to rats decreases blood desmosterol levels to less than 5% of control values. Very similar results were obtained when cholesterol synthesis was assayed in vivo with acetate-"C as a cholesterol precursor. These observations indicate that the cholesterol feedback system operates very effectively in the intact animal in suppressing the endogenous contribution to the circulating cholesterol pool. Since intestinal cholesterol synthesis is only slightly inhibited by exogenous cholesterol, these results also indicate that the intestine does not represent a significant source of plasma sterols in the rat.
INTRODUCTION
While the extensive in vitro studies of the past 20 yr have contributed greatly to our knowledge of the tissue sites (1, 2) and mechanisms of control of cholesterol synthesis at the cellular level (3), studies of cholesterogenesis using more physiologic, in vivo techniques, have proved far less definitive. It has, for example, been well established by isotopic methods that under in vitro conditions, cholesterol synthesis in the livers of all higher animals (4-7), including man (8) , is under sensitive feedback control; however, the quantitative effect of exogenous cholesterol on cholesterol production when examined in vivo has yielded more variable results 1 (9) (10) (11) (12) (13) (14) . Moreover, while it is wellknown that the intestine contributes to the plasma cholesterol pool (15, 16) , the quantitative importance of this source of blood cholesterol in the intact animal remains to be established firmly.
Motivated in part by these questions as well as by the need to evaluate the in vivo effect of tumors upon the feedback control of cholesterol synthesis-the results of which are described in the following study (17)-we have attempted to develop a simple, nonisotopic procedure for assessing the approximate rates of sterol production and release into plasma in the intact animal. The technique described in this report estimates endogenous sterols in plasma by determining the level of plasma desmosterol in animals treated with triparanol, a drug that blocks cholesterol synthesis at the point of conversion of desmosterol to cholesterol (18, 19) .
The results obtained with this method demonstrate that cholesterol feeding causes a virtually complete disappearance of endogenous sterols from the plasma, a finding which indicates that the cholesterol feedback system operates very effectively in the intact rat. These data also suggest that at least in this species, the intestine, while actively synthesizing sterols, represents a relatively minor source of plasma sterols. 
METHODS
Animals. Rats 'Abbreviation used in this paper: GLC, gas-liquid chromatography. 7 Applied Science Laboratories, Inc., State College, Pa.
22 min respectively. Areas of the chromatographic curves were determined by planimetry. Desmosterol was obtained from Steraloids, Inc., Pawling, N. Y., and gave a single peak on gas chromatography; the detector responses for cholesterol and desmosterol were identical. In labeling experiments, "C in the gas efflux was collected on toluenemoistened cotton using a Packard sample collector (Packard Instrument Co.) equipped with a subambiant temperature head cooled with dry ice and isopropanol, and was counted in a Beckman liquid scintillation counter, using p-bis[2-(5-phenyloxazolyl) ]benzene ("POPOP"), 2,5-diphenyloxazole ("PPO") in ethyl acetate: toluene, 6.6: 93.4 as the scintillation solution. Total and esterified sterols were determined by the Sperry-Webb procedure (20) . Desmosterol by this method gives a color yield approximately 60% that of cholesterol.
In vitro studies were carried out exactly as described previously (21) , cholesterol and desmosterol being isolated by GLC as noted above. In vivo incorporation of acetate-2-"C into sterols was determined by injecting 50 ,uCi of acetate-2-"C intraperitoneally into rats 2 hr before killing.
Rats were exsanguinated by heart puncture under light ether anesthesia. The organs to be studied were saponified, the sterol digitonides isolated and their total "C content determined as previously described (21) or analyzed by gas-liquid chromatography as noted above. In the studies of release of sterols into the lymph, intestinal lymph was collected using the method of Weis and Dietschy (22) .
RESULTS
Rationale. The rationale of the procedure reported in this and the following paper is illustrated in Fig. 1 A and 1 B.
It is well established that both fasting (23) and exogenous cholesterol (21, 24) depress the rate of hepatic cholesterol synthesis in the liver by inhibiting the reactions responsible for the conversion of P-hydroxy-P- As shown by the gas chromatographic analysis illustrated in Fig. 2 A, in the normal, untreated rat on a low cholesterol diet, cholesterol represents the major sterol detected in the blood. After treatment with triparanol for 8 days, the animal on a low cholesterol diet develops a very significant desmosterol peak (Fig. 2 B) . Most important, however, as shown in Fig. 2 C, the feeding of a high cholesterol diet to a triparanol-treated rat causes a virtually complete suppression of plasma desmosterol. 8 The commercial diets fed these rats contained 0.072%
cholesterol.
The actual levels of blood desmosterol in these three groups of rats are shown in Table I . No desmosterol was detected in the blood of the normal control rat. After 8 days of triparanol treatment, blood desmosterol reached concentrations of 3-10 mg/100 ml, i.e. levels of desmosterol that constitute about 10-30% of the total blood sterol concentration. By contrast, however, in the five rats fed the high cholesterol diet, blood desmosterol concentrations were markedly reduced to those of the rats fed the triparanol-free diet. Subsequent studies have demonstrated that the limit of detection of desmosterol by this gas-liquid chromatographic procedure is approximately 0.25 mg/100 ml; and that, moreover, this figure in fact is the approximate concentration of desmosterol actually present in the blood of the cholesterol-fed, triparanol-treated rats in this study.
A more extensive examination of the effect of dietary cholesterol on blood desmosterol levels is shown in Fig.  3 . In this study desmosterol suppression was examined in two species of rats, the Buffalo and ACI/f Mai, over a 14 day period of triparanol feeding. The results conform to those in Table I ; however, in this experiment the values for blood desmosterol were consistently higher in both the low and high cholesterol-fed rats than were those in the earlier study. It is nonetheless apparent that the exogenous cholesterol resulted in a marked suppression in blood desmosterol levels in both of the species of rats examined. It is particularly noteworthy that in this experiment the concentration of desmosterol continues to rise beyond the 8 day period of triparanol feeding routinely used throughout these studies. As a result, when carried beyond the 8 days of triparanol feeding, the difference in desmosterol concentration between the two groups of animals increases. This experiment therefore suggests that the degree of suppression of desmosterol in the blood of cholesterol-fed rats can readily be amplified by extending the period during which the animals are fed the experimental diets. The effect of cholesterol feeding on the conversion of acetate-2-'4C to cholesterol in vivo. To provide experimental support for the validity of employing blood desmosterol levels as a measure of endogenous sterol synthesis, studies were performed to determine the effect of cholesterol feeding upon the synthesis of sterols from acetate-14C in the triparanol-treated rat. The design of the study was identical with that in the previous section except that 2 hr before sacrifice, the rats were injected intraperitoneally with 50 /ACi of acetate-14C,9 and the incorporation of 14C into total digitonin precipitable sterols, i.e. cholesterol, desmosterol, and other sterols, in the liver and blood was determined. As the results in Table  II demonstrate, the feeding of cholesterol causes a marked reduction in the incorporation of acetate-2-14C into the sterols of both the liver and the plasma. This effect is, moreover, observed in both normal and triparanol-treated animals. It is apparent, therefore, that the use of desmosterol levels in the plasma as an indication of relative sterol synthesis will yield results that are comparable with those obtained with isotopic techniques.
In vitro synthesis of cholesterol and desmosterol in liver. In order to provide further evidence that the synthesis of desmosterol represents an accurate index of endogenous sterol production, the effect of dietary cholesterol upon hepatic desmosterol and cholesterol production was determined in vitro. Rats were placed on either the high or low cholesterol diets for a total of 11 days, and one-half of each group of animals was 'Sodium acetate-2-1'C, 2 AsCi//Amole, was purchased from New England Nuclear Corp., Boston, Mass. treated with triparanol for the last 8 days of the study. At the end of this period 350 mg of liver slices were incubated with 10 /ACi sodium acetate-2-14C, and total digitonin-precipitable sterol-"C, desmosterol, and cholesterol, as well as desmosterol-14C and cholesterol-14C were determined as described under "Methods."
The results shown in Table III closely mirror those observed in the intact animals. The analysis of the nonradioactive sterols demonstrate that desmosterol represents a major component of the sterol fraction in the livers of the triparanol-fed rats on the low cholesterol diet; the feeding of cholesterol, however, again caused an almost complete disappearance of this hepatic desmosterol as detected by gas-liquid chromatography.
As expected, the in vitro incorporation of acetate-2-'4C into total digitonin-precipitable sterols was markedly inhibited by the high cholesterol diet, digitonin-precipitable sterol-'4C being reduced to from 0.5 to 3% of that produced in the livers of the animals on the low cholesterol diet. Moreover, this suppression of total hepatic sterol synthesis was also obtained after cholesterol feeding in animals that were treated with triparanol.
Determination of the 1'C in the individual sterols isolated by GLC demonstrated that after cholesterol feeding, the triparanol-treated animals incorporated acetate-14C into the GLC peak corresponding to desmosterol to an extent only 5% of that observed in the rats fed the low cholesterol diet. In comparable samples from livers of rats not treated with triparanol, the same inhibition of sterol synthesis was seen; however, the radioactivity under these circumstances appeared in the cholesterol peak rather than in the desmosterol fraction. It is noteworthy that the data in Table III also indicate that triparanol in the dose employed in this study does not significantly inhibit total hepatic sterol synthesis but in both experiments (rats 3 and 4) caused a greater than 90% block in the conversion of desmosterol to cholesterol by the liver. In a similar in vitro study, the 'C in the various sterol fractions was determined by continuously assaying the 'C during the GLC separation of the sterols synthesized by the liver of normal and triparanol-treated rats. As the combined GLC and "C analysis of these sterols shown in Fig. 4 A illustrates, in the absence of triparanol the majority of 'C is incorporated into cholesterol with small but significant activity being present in the area corresponding to desmosterol. A similar analysis from an animal treated with triparanol, Fig. 4 B, shows an almost complete absence of 'C in cholesterol, while the desmosterol peak and to a lesser extent at least-three unidentified compounds with no detectable mass by GLC, contain all of the recovered radioactivity. This study again demonstrates that treatment with triparanol effectively stops the synthesis of cholesterol; and under these conditions, endogenous cholesterol is almost completely replaced by newly synthesized desmosterol. Finally, in Fig. 4 C are shown the results of such an analysis from a triparanol-treated rat fed the high cholesterol diet. Again, it is apparent that exogenous cholesterol effectively suppresses the desmosterol peak noted in Fig. 4 B; however, equally significant, the dietary cholesterol has caused a complete block in the synthesis of both cholesterol and desmosterol with the result that detectable "C is no longer incorporated into either of these sterol fractions.
Sources of endogenous plasma sterols. The degree of suppression of endogenous blood sterols observed after cholesterol feeding was somewhat unexpected since on the basis of previous studies it was assumed that, while the liver is responsible for supplying a major fraction of plasma sterols, extrahepatic tissues such as the intestine (14, 16, 27 ) might be expected to make a significant contribution to this sterol pool. Three possible explanations for these findings could be postulated. It was quite possible that (a) triparanol might not penetrate the intestinal cell and so would not block the conversion of desmosterol to cholesterol in this tissue or, (b) even were the triparanol present within the intestinal cell, it was conceivable that the intestine might normally make use of a biosynthetic pathway of sterol synthesis that does not involve desmosterol synthesis. (c) It was possible that triparanol might inhibit the release of sterols into the lymph and, as a result, this desmosterol could not reach the plasma. The first two of these three possibilities could be excluded by the following series of experiments.
Cholesterol and desmosterol synthesis in slices of intestine obtained from triparanol-treated animals. To determine the effect of triparanol upon sterol synthesis in the intestine, the conversion of acetate-2-uC to desmosterol and cholesterol was examined in intestinal slices obtained from triparanol-fed rats. Animals were fed either the normal stock diet or a 5% cholesterol diet while experimental rats were given the same diets to which was added triparanol in a concentration of 0.1%. After 8 days of triparanol feeding, the animals were killed and slices from the ileum were assessed for their ability to synthesize desmosterol from acetate-2-_4C, as described under "Methods." As indicated by the data in Table IV , under such in vitro conditions even in the absence of triparanol significant quantities of 14C are incorporated into desmosterol and other digitonin-precipitable sterols. Treatment with triparanol resulted in a 95% inhibition of cholesterol synthesis with a comparable increase in 14C incorporation into desmosterol. As a result the total digitonin-precipitable sterols synthesized in the intestine were not influenced by the triparanol treatment.
As has been previously noted (2, 7), after prolonged cholesterol feeding some decrease in sterol synthesis is observed in the intestine presumably due to a bile acid mediated feedback inhibition of mevalonate production (25, 26) ; however, it is apparent that in the cholesterolfed animal, too, triparanol treatment leads to a block in the conversion of desmosterol to cholesterol in the intestine.
It may be concluded, therefore, that cholesterol synthesis in the intestine, as in the liver, can proceed by way of desmosterol; and that triparanol both enters the intestinal cell, and there causes a virtually complete inhibition in the conversion of desmosterol to cholesterol.
Release of endogenous sterols into intestinal lymph. The influence of triparanol upon the secretion of newly synthesized sterols into the lymph was next studied. Two triparanol-(0.1%) fed rats and two control animals were maintained on the low cholesterol diet for 2 days. Cannulae were then placed in the intestinal lymph ducts, and after satisfactory lymph flow was apparent, i.e. 10-90 min, 50 ACi acetate-2-14C was injected intraperitoneally. The recovery of 14C in the digitonin-precipitable sterols of the lymph over the following 24 hr is shown in Table V . These data demonstrate that triparanol does not significantly alter the incorporation of acetate-14C into the sterols of intestinal lymph.
The effect of a high cholesterol diet upon desmosterol levels in the intestinal lymph of triparanol-treated animals was next examined. In this study one pair of rats was placed on the high cholesterol and another pair on the low cholesterol diet for 11 days. Both groups of animals were given triparanol 0.1% in their diets during the final 8 days of the study. On the last day intestinal lymph was collected for 24 hr and analyzed for cholesterol and desmosterol as described under "Methods." The results shown in Fig. SA temic circulation; moreover, they indicate that treatment with triparanol in the doses employed does not significantly inhibit the release of such endogenous sterols into the lymph. DISCUSSION The primary purpose of the present study was to establish the feasibility of employing desmosterol concentrations in the blood of triparanol-treated animals as a means of assessing the contribution of endogenous sterols to the blood cholesterol pool. The rationale of this approach assumes that, since desmosterol is normally not present in the diet, if this sterol is released into the plasma and metabolized at approximately the same rate as is cholesterol, then desmosterol should serve as an easily measurable, nonisotopic, biological flects the rates of synthesis of total sterols or of cholesterol in untreated animals. Secondly, it was shown that in the dose employed, triparanol does not influence the over-all rate of sterol synthesis, but does cause an almost complete block in the conversion of desmosterol to cholesterol in both of the tissues, i.e. the liver and the intestine, that are believed to contribute significantly to the circulating sterol pool. Thirdly, by the use of acetate-14C to assess sterol synthesis in vivo, it could be established that both the total and labeled desmosterol present in the plasma accurately parallels the appearance of newly synthesized cholesterol in the circulation. Taken together, these data strongly support the validity of employing plasma desmosterol concentrations as a means of estimating endogenous sterol levels in the bloodstream. Obviously, the accumulation of a cholesterol precursor such as desmosterol at any single point in time can provide only a relative, not an absolute, value for sterol synthesis; moreover, this estimate will also be influenced by any factors which cause variations in the sterol turnover rate. On the other hand, as shown in this study, feeding 0.1% triparanol causes the almost complete replacement of endogenous cholesterol by desmosterol. In theory, therefore, the rate of appearance of desmosterol in the blood of triparanol-treated animals should then provide turnover data comparable with those obtained with radioactive sterol precursors.
During the course of these studies, several observations of physiologic significance have been made regarding the sources of plasma cholesterol and the effectiveness of the cholesterol feedback system in the intact animal. While the liver is known to be a major source of plasma cholesterol, the intestinal mucosa is capable of very active cholesterol synthesis (1, 2, 6, 25, 26) , and can readily release such synthesized sterols into the plasma via the intestinal lymph (15, 16) . Moreover, dietary cholesterol does not influence the rate of secretion of this newly synthesized cholesterol into lymph (27) . The quantitative importance of the intestinal contribution to plasma cholesterol has been difficult to assess accurately; however, most investigators have concluded that in the rat (12, 13) , and probably to a greater extent in higher species (10, 14, footnote 1, 16), extrahepatic tissues contribute significantly to the circulating sterol pool. Related to this problem is the question of the completeness with which exogenous cholesterol can inhibit cholesterol synthesis in the intact animal. In contrast to the case of liver, intestinal cholesterol synthesis is relatively insensitive to inhibition by exogenous cholesterol (6, 20, 25) . It then follows that if the intestine represents a major source of plasma cholesterol, dietary cholesterol might effectively suppress hepatic cholesterogenesis, yet the over-all effect of exogenous cholesterol in suppressing the endogenous cholesterol contributed to plasma cholesterol would be minimal. The results of the present study using plasma desmosterol levels and isotope incorporation into cholesterol as indications of endogenous sterol production indicate that the feeding of cholesterol causes at least a 90% suppression of endogenous sterols in the plasma; and we would conclude, therefore, that cholesterol feedback control of the endogenous plasma sterol pool is extremely effective in the intact rat.
